Abstract Bone transport can be performed with an external fixator alone or with the monorail technique which entails the combination of a fixator and an intramedullary nail. The purpose of this study was to compare the complication rates and long-term outcomes of these methods. Two groups of patients, the external fixator (n=21) and the monorail group (n=18), were compared. The average follow-up period was 7.9±5.6 years and the mean defect length 8.3±3
Introduction
Management of long bone defects in the lower extremity has always been challenging for the orthopaedic surgeon. Most often segmental bone defects are reconstructed by transplantation of vascularised or non vascularised autogeneous bone, allograft bone transplantation, or segment transport [1] [2] [3] .
Advantages of free vascularised bone grafts include the ability to treat concomitant soft tissue defects by osteocutaneous flaps and provide better resistance to infections [4] [5] [6] . However, problems with vascularised bone grafts include donor site morbidity, possibility of necrosis due to anastomotic complications, long remodelling time and high fracture rate [7] [8] [9] [10] . The advantages of bone transport include minimal soft tissue trauma, treatment of large bone defects with regenerate of the same diameter and elimination of donor site morbidity [1, 11, 12] . On the other hand, bone transport using external fixators alone, as first introduced by Ilizarov, requires long-term treatment with external fixators [13] . Complications are very common, including pin tract infections, joint stiffness, malalignment and refractures [14, 15] . The treatment of choice depends on many factors such as vascularity, location, size and aetiology of the defect. Further factors that should be taken into consideration include the patient's age, comorbidities, immunosupression, smoking and general health.
In 1992, Raschke et al. [16] described a technique of segmental transport over an intramedullary nail to provide a more comfortable bone transport process, to shorten the external fixation period, and to provide internal support for the regenerated bone. This technique is gaining wider acceptance because of the improvement in patient comfort. Two important drawbacks of this procedure are the inability to correct associated complex deformities and the risk of introducing infections especially from pin tracts into the medullary cavity.
The purpose of this study was to answer the following questions: (1) What are the advantages/disadvantages of the one method compared to the other? (2) Is the future quality of life and the ability to work or do sports influenced by the method by which the tibial bone defects are treated? (3) How could the amputation rates be reduced? To the best of our knowledge, there are no large studies comparing the two methods.
Patients and methods
We retrospectively analysed the charts and radiographs of 39 adult patients who underwent segmental tibial bone transport between 1992 and 2007 in our institution. The patients were divided into two groups. The first group (n= 21) had segmental bone transport using only an external ring fixator and the second (n=18) was treated with the monorail technique. Criteria for inclusion included all adult patients with a greater than 3-cm post-traumatic segmental bone defect of the tibia and a minimum follow-up of two years. The medical records were reviewed to determine the patient's gender, age, location and size of the defect, the presence of chronic infection defined by positive cultures for more than two months preoperatively, the number of previous operations, smoking habits and complications such as deformities, persistent infections, amputations and bone regeneration insufficiency. Deformities were defined as pathological angulation of 5°or more according to the classification of Paley et al. [17] .
All patients received a questionnaire including the SF-36 Health Survey questionnaire with the following additional questions: (1) Are you satisfied with the procedure or would you prefer a primary amputation? (2) Have you returned to your original profession or have you changed profession? (3) Have you resumed sport activities?
Two patients were lost from follow-up. The mean age of the patients in the fixator group was 46.6±14.7 years and 46.7±14.0 years (p=0.982) in the monorail group (Table 1) . Twenty-eight percent of the monorail and 22% of the fixator patients were females ( p=0.777). The defect length measured 8.1±2.8 cm in the fixator group and 8.5±3.4 cm ( p=0.653) in the monorail group. Twenty-two percent of the monorail and 29% of the external fixator patients were smokers. The average clinical and radiological follow-up was 7.9±5.6 years.
Fourteen patients (67%) in the external fixator group and ten (56%) in the monorail group had chronic osteitis prior to segment transport (p=0.921). History of open fractures was present in 76% and 72% of the external fixator and monorail patients, respectively. In the fixator group, more operative procedures had been performed prior to the segment transport compared to the monorail group (external fixator group 5.7±2.2, monorail group 4.3± 2.9, p=0.112).
Using the monorail technique an osteotomy was performed with an osteotome and an antegrade intramedullary nail was inserted and statically locked. Two Schanz screws were inserted proximal to the level of the osteotomy site and two distal to it on the segment to be transported. A contact of the nail with the Schanz screws was avoided in order to prevent spreading of pin tract infections along the intramedullary nail. In the fixator group a three ring circular external fixator was applied before the corticotomy. Distraction was started in both groups on the fifth postoperative day at a rate of 1 mm/day [18, 19] .
Statistical analysis

Results
The external fixator was applied for 15.9±6.1 months in the external fixator group and for 5.9±1.5 months in the monorail group (p<0.0001). The treatment was successful in 19 patients (90%) in the fixator group and 13 patients (72%) in the monorail group (p=0.215). Failure of the treatment culminated in amputation in six cases (two in the fixator and four in the monorail group) and insufficient bone regenerate in one case (monorail group). The rate of deformities (>5°) was significantly higher in the fixator group (33% vs. 6%, p=0.049, Table 2 , Fig. 1 ).
The mean number of additional surgical procedures was 3.4 per patient (range, 0-11) in the external fixator group and 3.3 (range, 0-14) in the monorail group (p=0.967). Surgical procedures after bone transport included the following: plating of the docking site (n=13), corrective osteotomies (n=5), transtibial amputations (n=4), transfemoral amputations (n = 2), talotibial fusion (n = 6), debridements (n=39), arthrolysis of knee joint (n=5), knee endoprosthesis (n=2), skin grafting or myocutaneous flap (n=2), ORIF of refractures (n=2), placement of new pins (n=6) and partial diaphyseal tibial replacement (n=1). A Statistical significance was evaluated between the different groups using Mann-Whitney U test and Student's two tailed t-test for continuous data, and Fisher's exact test and Pearson chi-square were used for categorical values. A p value ≤0.05 (two tailed) was considered to be statistically significant. All statistical analyses were performed using SPSS (SPSS 15.0, SPSS Inc., Chicago, IL, USA). All values are presented in the form of mean ± SD (standard deviation).
docking operation was performed in nine patients in the external fixator group and in four patients in the monorail group (p=0.307). Five patients had debridement for pin tract infections in the fixator group and one in the monorail group (p=0.190).
Four patients of the monorail group and two of the fixator group had amputations due to persistent bone infections. Two of the amputated monorail patients and one of the external fixator patients were smokers. Insufficient callus regenerate was observed in one 49-year-old patient in the monorail group. This patient was a heavy smoker, which presents one of the most serious risk factors for this complication [20] . The transport index was 0.5 mm/ day. Taking into account the age, the noncompliance and the absolute absence of bone vitality in the SPECT/CT we treated the patient with a partial diaphyseal tibial replacement (Fig. 2) .
The results of the SF-36 Health Survey showed the following mean scores for the external fixator group / monorail group, respectively: 66.6/ 55.6 (p=0.084) for physical functioning, 41.7/ 48.9 (p=0.496) for physical role functioning, 64.2/ 60.4 (p=0.687) for bodily pain, 66.4/ Thirteen patients of the external fixator group (62%) returned to work. Six of them returned to their original employment and seven returned to a physically less demanding profession. Two patients were not working before or after the surgery and six could not work after surgery (Fig. 3) . Seven patients had a physically very demanding profession, e.g. fireman or farmer. One of them returned to his original employment, four returned to a less demanding job, whereas two could not work after surgery. Eleven patients in the monorail group (61%) returned to work including six patients returning to their original employment and five returning to a physically less demanding job. Two patients were not working pre-and postoperatively (Fig. 4) . Seven patients had a physically demanding profession and three of them could not work postoperatively. Two returned to their original profession and two changed their jobs to a less demanding one.
We classified the sporting activities of our patients into three categories: major (e.g. football, basketball, tennis), minor (cycling, jogging, swimming) and none. Nine patients (43%) in the external fixator group and nine patients (50%) in the monorail group resumed minor sporting activities (p=0.752). Only two monorail patients were practising major sport activities.
All patients found the appearance of their limb acceptable. In the external fixator group 92.3% would undergo this reconstructive procedure again compared to 91.7% of the monorail patients.
Discussion
The main advantages of the monorail method for the treatment of segmental bone defects in this study were the significant reduction of time for external fixation and the significantly lower rate of deformities. Patients with external fixators only had the same healing rate and the same quality of life scores compared to patients treated with the monorail technique.
The significant reduction of deformities in the monorail group can be explained by the statically locked intramedullary nail, which maintains anatomical length and alignment during segment transport and consolidation [13] .
The number of operations on the docking site was nine in the external fixator group and four in the monorail group (Fig. 1, Table 2 ). In case of delayed union at the docking site, removal of locking bolts or dynamisation of the external fixator was done. If insufficient healing was observed, debridement and plate osteosynthesis was indicated [21] .
Two amputations were performed in 12 patients with chronic osteomyelitis (17%) in the external fixator group and four amputations out of ten patients with osteomyelitis (40%) in the monorail group. The authors believe that the risk of expanding an infection into the medullary cavity increases with the insertion of the intramedullary nail. Furthermore, pin tract infections may spread more easily along intramedullary implants [17] . The authors conclude that patients with preoperative chronic infections should be treated with external fixators only.
The rate of insufficient bone regeneration was not significantly different after segment transport by either method. This contradicts the hypothesis that consolidation of the newly regenerated bone is reduced by damage to the endosteal blood supply by nailing. Paley et al. found similar results when comparing patients who underwent lengthening using either external fixators alone or with an intramedullary nail. They suggested that the effect of revascularisation after reaming and better stability provided by the intramedullary nail with earlier functional loading compensated for any damage to the medullary vascularisation [22] .
The high rate of unemployment after bone transport by both methods is thought to be due to the severe trauma and not the procedure itself. Gopal et al. studied the outcome of patients with open tibial fractures (Gustilo grade IIIb or IIIc) and found that only 40% of them returned to work [23] .
One limitation of our study is that associated injuries affect the final functional outcome and can alter the results of the SF-36 Health Survey. For example, a patient with transtibial amputation had a physical functioning score of 67, whereas another with a contralateral pilon fracture had a physical functioning score of 59 despite good healing of the extremity treated with bone transport. Most of the physical disability of the first patient was caused by the post-traumatic ankle osteoarthritis and not the extremity with the bone transport, which has been without significant symptoms.
Considering the lower rate of postoperative infections and amputations in the external fixator group, the authors recommend segment transport by external fixator in patients with chronic infections.
To our knowledge, this is the first large study comparing the monorail method with external fixators for the treatment of bone defects in the lower extremity. This entity cannot be compared with studies about simple lengthening of the lower limb [22, 24] because of the posttraumatic aetiology, high chronic infection rate and more difficult surgical technique.
Conclusion
The use of the monorail technique for segmental bone transport reduces the rate of deformities of the lower limb and the external fixation time. On the other hand, healing rates, return to profession, sports activities and quality of life are comparable after segment transport with the monorail or external fixator technique. Finally, chronic infections should be treated with external fixators only because of a lower rate of reinfection and amputations. 
